Proliferating cell nuclear antigen (PCNA) acts as a biologically essential processivity factor that encircles DNA and provides binding sites for polymerase, flap endonuclease-1 (FEN-1) and ligase during DNA replication and repair. We have computationally characterized the interactions of human and Archaeoglobus fulgidus PCNA trimer with double-stranded DNA (ds DNA) using multinanosecond classical molecular dynamics simulations. The results reveal the interactions of DNA passing through the PCNA trimeric ring including the contacts formed, overall orientation and motion with respect to the sliding clamp. Notably, we observe pronounced tilting of the axis of dsDNA with respect to the PCNA ring plane reflecting interactions between the DNA phosphodiester backbone and positively charged arginine and lysine residues lining the PCNA inner surface. Covariance matrix analysis revealed a pattern of correlated motions within and between the three equivalent subunits involving the PCNA C-terminal region and linker strand associated with partner protein binding sites. Additionally, principal component analysis identified low frequency global PCNA subunit motions suitable for translocation along duplex DNA. The PCNA motions and interactions with the DNA minor groove, identified here computationally, provide an unexpected basis for PCNA to act in the coordinated handoff of intermediates from polymerase to FEN-1 to ligase during DNA replication and repair.
INTRODUCTION
Proliferating cell nuclear antigen (PCNA) serves as a processivity factor (sliding clamp), encircling DNA at sites of replication and repair (1) (2) (3) (4) (5) . The sliding clamp constitutes a highly symmetric assembly of three identical subunits. Each subunit consists of two domains. The subunits come together to form a remarkable ring-like structure with characteristic pseudo 6-fold symmetry and a central hole large enough to accommodate double-stranded DNA (dsDNA). The PCNA monomers possess a distinctive a/b fold. Each domain forms a wedge shaped structure with two a-helices packed in an antiparallel arrangement against the face of a b-sheet wedge. In total there are 12 a-helices lining the inner surface of the clamp. The b-sheets forming the outer surface of the ring impart structural integrity to the protein assembly. Adjacent domains are packed in a head to tail arrangement, which necessitates a long inter-domain linker passing over the central b-sheet. This overall architecture (1,2,4) is remarkably well preserved across bacterial and eukaryotic clamps despite the lack of sequence similarity.
PCNA is known to interact with many components of the cell's replication and signaling machinery (5) and in this context could facilitate exchange of DNA repair enzymes that recognize a common DNA intermediate (6) . Since the association of PCNA and DNA is topological in nature, it has not yet been possible to determine a structure of PCNA loaded onto dsDNA by crystallographic means. Therefore, structural knowledge regarding the overall orientation as well as the precise contacts formed between a sliding clamp and the nucleic acid it encircles has been limited. Furthermore, the static PCNA structures determined to date give little information about possible motions of the clamp that may assist in its translocation along DNA. Much of the focus of recent structural work has been on determining interactions between PCNA surface loops and peptides derived from known PCNA binding proteins, such as flap endonuclease-1 (FEN-1), DNA polymerase d and e and cyclin-dependent protein kinase inhibitor p21(CIP/ WAF1) (5) (6) (7) (8) (9) (10) (11) (12) .
Since no detailed computational modeling studies have been reported for this system, it would be of general interest to examine the overall conformational flexibility of the sliding clamp, the detailed interactions of residues lining the PCNA hole with DNA and the motions of the PCNA ring, which may promote translocation along dsDNA.
To integrate existing structural understanding of PCNA and to help address key questions regarding structural implications for PCNA interactions, we here apply computational analysis to (i) map out the flexible versus rigid regions of PCNA and establish their relationship to known binding motifs; (ii) examine the overall motions of the PCNA ring and (iii) establish if dynamical coupling exists between the three identical subunits and if such coupling could be affected by sequential binding. This paper is divided into three major parts plus Conclusions and Materials and Methods sections.
First, we trace the time evolution of key interactions between dsDNA and basic residues on the inner surface of the sliding clamp and comment on the overall structural characteristics of the DNA-PCNA complex as well as on the observed competition between the equivalent subunits for binding to the nucleic acid phosphodiester backbone. Second, we quantify the motions of the PCNA ring by carrying out covariance matrix analysis, which exposes the existence of long-range correlations concomitant with changes in DNA binding. Third, we present results from principal component analysis that complement the previous observations and provide more rigorous identification of distinct states for the PCNA-DNA complex with implications for PCNA functions.
MATERIALS AND METHODS
Two systems were set up for classical molecular dynamics simulation: (i) Archaeoglobus fulgidus PCNA and (ii) human PCNA. The initial structures were taken from the Protein Data Bank (accession nos 1RWZ and 1VYM, respectively). Crystallographic water molecules were removed. A sequence of dsDNA (5 0 -ACGTTGACTACCGTCTTGA-GGCAGAGTC-3 0 ) in the canonical B-form was generated and inserted vertically through the central hole of the PCNA trimer.
The models were completed by adding hydrogen atoms, counterions and solvent [pre-equilibrated TIP3P (13) water molecules] with the XLeap module of the AMBER 7.0 program. Both Cl À and Na + ions were used to neutralize the overall negative charge of the PCNA-DNA complex and mimic physiological conditions with salt concentration of $120 mM. The models were initially minimized for 1000 steps to remove unfavorable contacts, carefully brought to a temperature of 300 K by velocity rescaling and equilibrated for 0.5 ns with the dsDNA atoms kept fixed. The equilibration was then continued for 1.0 ns without the imposition of restraints.
The production runs were carried out for 25.5 ns for system (i) and 24.5 ns for system (ii) in the isothermal-isobaric ensemble (NPT) with pressure and temperature maintained constant at 1 atm and 300 K, respectively. The long-range electrostatic interactions were treated using the smooth particle mesh Ewald (SPME) algorithm (14) . For the non-bonded short-range interactions, we employed a cutoff of 12 s with a switching function between 10 and 12 s. Constraining the bond lengths between hydrogen and heavy atoms to their equilibrium values with the SHAKE algorithm (15) eliminated the fastest vibrational motions and thus, permitted an increased integration time step of 2 fs, while maintaining control over the conserved quantities. The r-RESPA multiple time step method (16) was employed with a 2 fs time step for bonded, 2 fs for short-range, non-bonded interactions, and 4 fs for long-range electrostatic interactions.
The simulation system (i) contained 156 293 atoms in total whereas the simulation system (ii) had 125 056 atoms. All simulations were performed with the program NAMD 2.5 (17) using the AMBER parm99 forcefield parameters (18) on 160 processors of the IBM DataStar system at the San Diego Supercomputing Center.
RESULTS AND DISCUSSION

PCNA interactions with DNA
To examine in detail the relation between existing PCNA structures and their biologically critical functional interactions with dsDNA, we carried out extensive molecular dynamics simulations. The simulation of hPCNA in complex with dsDNA reveals an unexpected and striking tilt of the PCNA ring relative to the DNA axis, as shown by a snapshot taken from the end of the simulation trajectory for the hPCNA/dsDNA system ( Figure 1 ). Furthermore, human PCNA is evidently prototypical for PCNA in general, as analogous results are obtained for archaeal PCNA. The most prominent feature of the structure resulting from the simulation is the pronounced tilt (of $20 ) in the axis of dsDNA with respect to the plane of the PCNA ring. The right-hand view of the structure shows that the dsDNA helix substantially departs from its initial position at the center of the sliding clamp to form contacts with basic protein residues (arginine and lysine) lining the inner surface of the hPCNA ring. Thus, the helix is no longer symmetrically oriented with respect to hPCNA. Analogous observations are equally valid for A.fulgidus PCNA, where the tilt angle approaches 20 towards the end of the simulation. The observed changes in orientation of the DNA helix with respect to PCNA stem from two major intrinsic structural factors. First, the relatively rigid structure of the sliding clamp preserves the diameter of the central hole of PCNA ($35 s), which is significantly larger that the lateral extent of the dsDNA helix in the canonical B-form (19) ($24 s). Second, the need to maximize the interactions between the positively charged protein residues located on the inner surface a-helices of PCNA and the negatively charged DNA phosphodiester backbone leads to an energetically more favorable tilted orientation for PCNA on dsDNA, as displayed in Figure 2 for hPCNA. The red surface, representing charged residues within a 6 s cutoff from the DNA phosphate groups, tracks along part of the DNA backbone on both strands of the DNA minor groove and is almost exactly perpendicular to the axes of the a-helices forming the inner surface of hPCNA ( Figure 2 ). It has been suggested that association perpendicular to the minor groove, as opposed to binding parallel to the major or minor groove seen in many DNA binding proteins, promotes the formation of non-specific protein-DNA interactions and prevents significant distortions in the structure of the nucleic acid (4). Furthermore, the inner diameter of the PCNA ring is large enough to allow the solvent to pass through freely (as observed in the simulations) and compete with the protein residues in making contacts with DNA. Thus, we find that the process of contact breaking and formation along the inner surface of PCNA is very dynamic, with competition between different protein residues for the phosphodiester groups of DNA.
To analyze the dynamics of contact formation in our simulations, we calculated along the entire trajectory the number of nitrogen atoms belonging to the side chains of positively charged protein residues that were located within 7 s of a DNA phosphate group. It is informative to examine the distribution of such contacts as a function of the distance between the phosphorus and nitrogen atoms ( Figure 3 ). The histogram data are bimodal and allow us to distinguish between close interactions with P-N distances varying from 3.2 to 4.6 s and more distant interactions above 5 s. Although weaker than the 'close' interactions, the 'distant' interactions are nevertheless expected to contribute to the electrostatic stabilization of DNA inside the PCNA central hole due to their larger number and the long-range nature of the Coulomb effect. Figure 4a and b depicts the time evolution of the number of contacts during our simulations.
Besides the total number of contacts found within a 7 s cutoff, we also calculated a more complicated function, reflecting the larger contribution of 'close' interactions. This was accomplished by weighting the number of P-N contacts by a Fermi-like function f ðrÞ ¼ 1/fexp½kðr À r c Þ þ 1g. The values of r c and k À1 were selected to be 5 s and 0.333 so that contacts below the minimum in the distributions (at $4.6 s) are fully weighted whereas contacts above 6 s have negligible contribution. In determining the number of contacts we take into account the fact that a phosphate group can certainly interact with more than one charged amino acid side chain within the cutoff and vice versa. Therefore, we count the total number of such pairs. For both systems, we observe an overall increase in the number of contacts, which is paralleled closely by an increase in the tilt angle F between the axis of the DNA helix and a vector normal to the plane of the PCNA ring (Figure 4c and d) .
The results indicate that the number of 'close' interactions varies between 5 and 20, and these strong contacts are broken and reformed on a sub-nanosecond timescale (Figure 4 ). Visual inspection of the trajectory for the hPCNA system revealed that the tilting of the PCNA ring is a relatively simple, gradual transition. In contrast, in the case of aPCNA, we observe initial gradual motion with several excursions back and forth followed by a transition into a more stable tilted orientation at $7 ns; then the ring of PCNA straightens out and moves with respect to DNA before transitioning into another tilted conformation for the protein nucleic acid assembly. This conformation remains stable until the end of the simulation. The time scale of our simulations is insufficient to sample exhaustively the global motions of clamp with respect to DNA or the process of 'sliding' along DNA. However, the results are stunningly suggestive as to why the clamp is capable of 'sliding freely' despite the fact that it forms extensive contacts with the nucleic acid backbone. The answer lies in the competition between charged residues on the inner surface of PCNA for forming interaction with the two strands of DNA along a stretch of the minor groove coupled to the ability of the ring to tilt and partially rotate around DNA. This competition is illustrated on Figure 5 , which presents the share of P-N contacts with the DNA phosphodiester groups made by each of the PCNA subunits. The numbers vary substantially between the subunits and during the different stages of the simulations. Often an increase in the number of contacts made by one subunit is compensated by a decrease in the interactions with the other two subunits. Notably, this seems to be the case for both hPCNA and aPCNA. We also note that for aPCNA the observed overall increase in the total number of close contacts arises primarily from closer association with dsDNA and subunit C in the latter half of the simulation.
Flexibility of PCNA: B-factors and covariance matrices. Long-range correlations
We examined the covariance and cross-correlation (normalized covariance) matrices for the atoms in our PCNA system with dsDNA (20, 21) . The covariance matrix elements can be expressed as: where t ave is the averaging time, Dt is the time step, the positions atoms i and j at time t are r i (t) and r j (t), respectively, and the angular brackets denote time averaging. The diagonal elements of the covariance matrix correspond to the atomic mean square fluctuations and are, in turn, related to the computed isotropic temperature factors (B-factors) by a constant multiplicative factor 8p 2 /3. The elements of the cross-correlation matrix are defined as:
These take values from À1 to 1 and, in contrast to the covariance coefficients, do not contain information about the magnitude of the correlated motions.
The computed and experimental B-factors on the Ca atoms for our systems both serve as a measure of the inherent flexibility of the protein residues within a particular stretch of sequence ( Figure 6 ). The overall agreement between Figure 3 . Histogram of the interactions between the side chain N atoms of basic (arginine and lysine) groups of PCNA located within 7 s of the nucleic acid backbone P atoms. The distribution of nitrogen-phosphorus contacts as a function of distance reveals two peaks with a minimum at $4.6 s. Thus, the N-P contacts can be naturally subdivided into close (below the minimum) and distant (above the minimum) interactions. This is true for both aPCNA (blue) and hPCNA (green). The red curve represents the weighting function that was used to select 'close' interactions. It varies between 0 and 1 and for clarity is not shown to scale. theory and experiment is reasonable especially in the case of hPCNA with both experimental and computed B-factors identifying the same mobile regions. That said, the computed B-factors produce sharper peaks and the differences become particularly pronounced at both ends of the sequence. Such differences are not surprising, given that the simulations are supposed to reflect a situation closer to solution phase dynamics whereas the experiment is done under different conditions and on a vastly different timescale.
The calculated covariance and cross-correlation matrices between the Ca atoms for both hPCNA and aPCNA reveal a clear pattern of correlated and anticorrelated motions extending both within and between the PCNA subunits ( Figure 7 ). These motions are represented by off diagonal peaks, indicating correlation and valleys, indicating anticorrelation. In general, values in the range above 0.25 and below À0.25 in the cross-correlation matrices can be considered significant. The fact that strong coupling between the motions of the subunits exists opens up the possibility that affecting the dynamics of PCNA in one of the subunits (e.g through binding) may have consequences for the dynamics of the other two subunits. On the other hand, such correlation may simply reflect the relatively rigid structure of the clamp and the tight coupling between the individual subunits. Future work is needed to address this issue possibly by carrying out simulations of peptides bound to PCNA.
A key aspect of the cross-correlation maps is that they reveal a non-equivalence of the three PCNA subunits in terms dynamics, with such differences arising from dsDNA binding. The disparity in size between the inner diameter of PCNA and the lateral extent of dsDNA makes it impossible to form equally extensive contacts with all three subunits. For instance, the DNA minor groove associates primarily with subunits A and B of human PCNA, leaving subunit C as the most mobile of the three hPCNA monomers. This is clearly represented in the covariance map (Figure 7a and  b) , showing the largest covariance values to be associated with subunit C and extensive cross-correlation terms extending into subunit B. For aPCNA the second subunit (chain B in our model structure) displays a pattern of correlation and anticorrelation distinct from the patterns of the other two subunits, which appear to be similar and symmetrically related. The second subunit also exhibits motions of greater magnitude compared to the other two, especially in a region at the PCNA C-terminus (residues 240-244 of the PCNA monomer). These results are potentially informative as the aPCNA C-terminus is known to form part of a hydrophobic pocket on the surface of PCNA responsible for association with PCNA binding enzymes, such as FEN-1 (6). Examination of the trajectory immediately reveals that the B subunit directly associates with the minor groove of dsDNA making contacts with the phosphodiester backbone throughout the latter part of the simulation. Comparison to Figure 5 shows that the subunit also displays the largest variation in the number of contacts formed during the trajectory confirming its increased mobility. Although the limited length of our simulations precludes a more definitive computational test of contacts and mobility at this time, the results are completely consistent with the proposal that closer association of dsDNA to a given subunit can influence dynamics on the outer surface of the clamp. We applied a least squares fitting procedure to the average protein structure from the second half of the simulation to eliminate the overall rotational and translational motion of PCNA. We found PCA to be a versatile tool for analyzing protein dynamics for these systems and useful in confirming observations made during visual inspection of the trajectories. As PCA reduces the dimensionality of the trajectory data, it highlights important dynamical features with the first few principal modes describing collective, global motions of the system. For the two PCNA systems, these involved both the C-terminal region of the PCNA subunits and the central part of the linker strand connecting the two domains of the PCNA molecule. Significantly, these structural elements on the surface of the sliding clamp are largely responsible for binding to DNA-editing enzymes. For example, the first principal component eigenvector mapped onto the Ca carbon atoms of hPCNA reveals that the largest motions involve the linker domain and the three flexible loops (guides) of hPCNA ( Figure 8 ). However, we also observe collective rocking/twisting movement of the PCNA domains. This eigenvector accounts for 32% of the overall motion seen in the hPCNA dynamics trajectory. (For comparison, the first five eigenvectors of the covariance matrix are responsible for $50% of the observed motion because the corresponding eigenvalues decrease rapidly). The magnitude of these motions appears to be largest toward the tips of the wedge shaped domains, but due to the rigid structure of the clamp, the motion also gets propagated to the inner surface alpha helices that make contact with DNA. Such collective motions are interesting in that they appear appropriate to facilitate the translocation of PCNA along dsDNA. Figure 9 depicts two-dimensional projections of the trajectories for the two systems onto the first and second principal components. The analysis was again carried out using the Ca carbon atoms of the protein residues and, therefore, reflects the interactions with dsDNA only indirectly. Nevertheless, it is interesting to observe several clusters of states along the trajectory especially pronounced in the aPCNA case. As noted above, the hPCNA system seems to undergo a more gradual transition and this fact is reflected on Figure 9a , which shows a smooth transition between two broad basins encompassing many microstates. In contrast, the aPCNA system displays three well-defined basins. The first basin is rather broad reflecting the exploration of conformational space occurring during the initial stage of the simulation. The other two basins are much more compact and are especially pronounced in terms of density. The region between these basins is shallow and possibly serves as an intermediate state in the structural transition described earlier. Thus, the global motions of the sliding clamp with respect to dsDNA appear to be well correlated to the internal motions within the PCNA ring.
General implications
As more structures are determined the value of computational analyses that help clarify their functional interactions becomes increasingly important, especially for the reversible associations linked with many of the major decision points for cells, i.e. cell growth versus death and DNA replication versus repair in the face of damage. PCNA is a recognized master key for reversible associations that determine pathways since it interacts with many replication and repair proteins as well as cell cycle checkpoint inhibitors. For this reason, it has been suggested that PCNA may coordinate its protein partner activities either by forming ternary complexes with two or three replication factors or by handing off DNA intermediates from one enzyme to the next in the replication or repair pathway (5, (25) (26) (27) .
Both mechanisms are based on current models for PCNA encircling DNA, which imply that PCNA is perpendicular to the axis of DNA. In this orientation, the three binding sites, each located on the face of one subunit of the PCNA homotrimer, appear to be equivalent. In contrast, our simulations show that PCNA binds to DNA asymmetrically, mainly through positively charged residues on the alpha helices that line the inside of the PCNA ring. These residues interact with the phosphate backbone along the minor groove of DNA. This binding mode causes the plane of the PCNA ring to tilt by $20 with respect to the helical axis of DNA, breaking the symmetry of the PCNA trimer. This result has broad implications for the mechanism in which PCNA interacts uniquely with multiple enzymes.
Most efforts to characterize PCNA interactions with replication and repair enzymes have focused on regions of the trimer surface identified by structural analyses of peptides and enzymes bound to PCNA (5, 26) . Although, it is widely recognized that interactions between PCNA and DNA can influence the nature of PCNA interactions with bound enzymes, these interactions are difficult to characterize using biophysical techniques. For example, PCNA stimulates the activity of enzymes, such as DNA pol d and FEN-1, but only when PCNA encircles DNA (25, 28, 29) . Structural and biochemical studies suggest that residues from FEN-1 and the C-terminus of PCNA form a b-sheet, which positions FEN-1 for catalysis (6, 29) . Notably, our simulations indicate that the loop and C-terminal regions of each PCNA subunit, which are involved in partner enzyme interactions, may exhibit differences in flexibility depending on their association with DNA. Such changes in flexibility appear suitable to aid handoffs between different enzymes or facilitate unique interactions with simultaneously bound enzymes based on contacts between PCNA and DNA.
Previous experimental evidence highlights the importance of specific interactions between PCNA and DNA. Our simulation results identified several positively charged Arg and Lys residues that potentially interact with the phosphate backbone of DNA (Figure 2 ): Lys13, Lys14, Lys20, Lys77, Lys217, Arg146 and Arg149. All of these residues are located on the inner surface of the PCNA ring and are conserved in both human and yeast PCNA. Previous mutational analyses showed that mutating Lys20 or Lys77 to Glu interfered with mismatch repair in Saccharomyces cerevisiae, resulting in a mutator phenotype (30) . Biochemical analyses using purified human PCNA and pol d showed that mutating these PCNA residues to Ala prevented PCNA from stimulating pol d polymerization, but did not affect the processivity of the pol d:PCNA complex (31). These PCNA mutants were originally thought to interfere with initiation of DNA synthesis by pol d (31). Importantly, our results support this interpretation and suggest that the tilted orientation of PCNA relative to the helical axis of DNA, facilitated by charged interactions with the DNA backbone, could uniquely position pol d for efficient initiation of DNA synthesis.
If the asymmetric orientation of PCNA is critical for stimulating pol d initiation, then this orientation might also be required to stimulate FEN-1 activity (6, 32, 33) . This hypothesis can now be experimentally tested using an established biochemical assay for measuring the activity of FEN-1 in the presence of PCNA that has been loaded onto DNA by RFC (29) . Mutations of the basic amino acids lining the center of the PCNA do not affect RFC-dependent loading or activity (31) . Thus, these mutations, which disrupt interactions with DNA backbone along the minor groove, could be used to test whether the asymmetric orientation of PCNA is required to stimulate FEN-1 activity. In addition, several key charged residues are also conserved in the heterotrimeric PCNA homolog from Sulfolobus solfataricus (34) . In this organism, FEN-1 and DNA polymerase each bind to a single subunit of the heterotrimer. Thus, mutational analysis in this PCNA homolog could be used to determine how DNA interactions with a single subunit affect interactions with a bound enzyme.
The DNA binding mode presented here also suggests a way to biophysically characterize the interaction between PCNA and DNA. Because PCNA associates with DNA in a topological manner, structural and biophysical characterization of this interface has been challenging due to the difficultly in producing a homogeneous population of PCNA:DNA complex for analysis. Similar hurdles exist for determining the structure of a ternary complex including PCNA and FEN-1 or DNA polymerase both bound to DNA. However, using the binding model presented here as a guide, it might be possible to covalently trap a complex of PCNA bound to DNA. The model of PCNA bound to DNA shows that some of the Lys residues located at the center of the PCNA ring (Lys14, Lys20, Lys80 and Lys217) interact close to the center of the minor groove. To trap a complex, it may be possible to use a strategy in which each of the target Lys residues are systematically mutated to Cys, and mixed with DNA containing G or T base with a commercially available alkanethiol modification (Midland Certified Reagent Company). These modifications would allow covalent trapping via formation of a disulfide bond (35) . A similar strategy was used to trap HIV-RT bound to an RNA-DNA hybrid substrate (36) , based on computational modeling of the interaction (37) . This covalent trapping strategy would facilitate structural analysis of a PCNA:DNA complex by small angle X-ray scattering or X-ray crystallography. Thus, the results and concepts presented here provide a framework for a variety of experimental and computational approaches to test the functional implications of the asymmetric PCNA subunit interactions with DNA.
